Abstract: Based on three-dimensional (3D) technology computer aided design (TCAD) simulations, the supply voltage and temperature dependence of single-event transient (SET) pulse width in 28-nm fully-depleted silicon-on-insulator (FDSOI) metal-oxide-semiconductor field-effect transistors (MOSFETs) is investigated. FDSOI MOSFETs are symmetry devices with a superior control of the short channel effects (SCEs) and single-event effects (SEEs). Previous studies have suggested that the SET width is invariant when the temperature changes in FDSOI devices. Simulation results show that the SET pulse width increases as the supply voltage decreases. When the supply voltage is below 0.6 V, the SET pulse width increases sharply with the decrease of the supply voltage. The SET pulse width is not sensitive to temperature when the supply voltage is 1 V. However, when the supply voltage is 0.6 V or less, the SET pulse width exhibits an anti-temperature effect, and the anti-temperature effect is significantly enhanced as the supply voltage drops. Besides, the mechanism is analyzed from the aspects of saturation current and charge collection.
Introduction
In recent years, the aerospace industry has developed rapidly, and more and more electronic systems are working in the radiation environment. Radiation effects, especially single-event effects (SEEs), are the main cause of electronic systems failure in the radiation environment [1, 2] . When the energetic particles hit the sensitive region of the electronic device, their energy is deposited in the body region of the device. Additionally, the particle ionizes a large amount of charge on its incident trajectory. The charge is collected by the device electrodes. Then, a significant current is created and the drain voltage is changed. This effect is single-event transient (SET).
There has always been a strong interest from the radiation effects community in fully-depleted silicon-on-insulator (FDSOI) technologies, given their resistance against single-event effects (SEEs) due to the presence of a buried oxide (BOX) layer [3, 4] . At the same time, FDSOI devices are good candidates as technology scales down beyond 28-nm node, with a superior control of the short channel effects (SCEs) and low power consumption [5, 6] .
In space, aerospace chips often work at extremely low temperature or high temperature, so the study of the correlation between temperature and single-event transient (SET) effects has never stopped [7, 8] . The previous studies proposed that the SET pulse width increases with temperature for the bulk process, but not for the FDSOI process [9, 10] . As the process scales down, the electrical characteristics of the transistor at the process node below 45 nm exhibit an anti-temperature effect. The transistor delay increases with the temperature decreasing [11] . Whether the temperature dependence of SET pulse width in 28-nm FDSOI technology is still consistent with the conclusion in large scale process is worthy to study.
Furthermore, as the process scales down, the supply voltage continues to drop. Especially, 28-nm FDSOI devices can work at ultra-low supply voltage of 0.4 V to achieve ultra-low power consumption [12] . However, it is well known that the drop in the supply voltage brings great challenges to the performance of the circuit, and increases the sensitivity of the single-event effect significantly [13, 14] . Therefore, the ultra-low supply voltage dependence of SET in 28-nm FDSOI technology needs to be studied. The temperature dependence of SET at low supply voltage is also worthy to investigate.
Device Structure and Simulation Setup
Due to the good look-inside capability, three-dimensional(3D) TCAD simulation has been proven to be a useful means for investigating digital SET and the mechanism of the single event charge collection [15] [16] [17] [18] . The 3D-TCAD models are established to simulate the SET in FDSOI devices. Sentaurus TCAD vN-2017.09-SP1 from Synopsys was used in our work. All simulations were conducted using the YINHE computing cluster in National University of Defense Technology in China.
28-nm FDSOI NMOS and PMOS device are built and calibrated with the 28 FDSOI PDK. For the 3D-TCAD device model and spice model in the PDK, we obtained good agreement with the I-V characteristics in the 258 K to 398 K range. The high-K dielectric layer and metal gate technology is used. Figure 1 shows a cross-sectional schematic diagram of the 28-nm FDSOI device. Design parameters are listed in Table 1 . Figure 2 shows the I-V characteristic curves of the NMOS device. Figure 3 shows the I-V characteristic curves of the PMOS device. The transistor delay increases with the temperature decreasing [11] . Whether the temperature dependence of SET pulse width in 28-nm FDSOI technology is still consistent with the conclusion in large scale process is worthy to study. Furthermore, as the process scales down, the supply voltage continues to drop. Especially, 28-nm FDSOI devices can work at ultra-low supply voltage of 0.4 V to achieve ultra-low power consumption [12] . However, it is well known that the drop in the supply voltage brings great challenges to the performance of the circuit, and increases the sensitivity of the single-event effect significantly [13, 14] . Therefore, the ultra-low supply voltage dependence of SET in 28-nm FDSOI technology needs to be studied. The temperature dependence of SET at low supply voltage is also worthy to investigate.
28-nm FDSOI NMOS and PMOS device are built and calibrated with the 28 FDSOI PDK. For the 3D-TCAD device model and spice model in the PDK, we obtained good agreement with the I-V characteristics in the 258 K to 398 K range. The high-K dielectric layer and metal gate technology is used. Figure 1 shows a cross-sectional schematic diagram of the 28-nm FDSOI device. Design parameters are listed in Table 1 . Figure 2 shows the I-V characteristic curves of the NMOS device. Figure 3 shows the I-V characteristic curves of the PMOS device. The NMOS and PMOS device are connected to an inverter during TCAD simulations. The total simulation time is T s = 3000 ps and the heavy ion impacts at T i = 100 ps. All simulations are conducted for normal incidence. Only the off-state device is sensitive to SET. The heavy ions strike the off-state devices at the center of the gate, and the linear energy transfer (LET) is 40MeV-cm 2 /mg. The supply voltage of the devices is various from 0.4 V to 1.2 V, and the temperature is various from 258 K to 398 K. The collected charge is given by the drain current integration over the transient duration. The NMOS and PMOS device are connected to an inverter during TCAD simulations. The total simulation time is Ts = 3000 ps and the heavy ion impacts at Ti = 100 ps. All simulations are conducted for normal incidence. Only the off-state device is sensitive to SET. The heavy ions strike the off-state devices at the center of the gate, and the linear energy transfer (LET) is 40MeV-cm 2 /mg. The supply voltage of the devices is various from 0.4 V to 1.2 V, and the temperature is various from 258 K to 398 K. The collected charge is given by the drain current integration over the transient duration.
The following physical models were used: (1) Fermi-Dirac statistics, (2) band-gap narrowing effect, (3) doping dependent SRH recombination and Auger recombination, (4) temperature, doping, electric field and carrier-carrier-scattering impact on mobility, and (5) incident heavy ions were modeled using a Gaussian radial profile with a characteristic 1/e radius of 50 nm and a Gaussian temporal profile with a characteristic decay time of 0.25 ps. Hydrodynamic model was used for carrier transport. Unless otherwise specified, default models and parameters provided by Sentaurus TCAD vN-2017.09-SP1 (Synopsys, Mountain View, CA, USA) were used.
Simulation Results
The supply voltage dependence of the SET pulse width in 28-nm FDSOI device was investigated by varying the supply voltage from 0.4 V to 1.2 V. Additionally, the temperature is 300 K. For brevity, in this paper, that heavy ions strike the NMOS devices and PMOS devices are denoted as N-hit and P-hit, respectively. The inverter input is low at N-hit and the inverter input is high at P-hit. The simulation results are shown in Figure 4 . The SET pulse width increases as the The NMOS and PMOS device are connected to an inverter during TCAD simulations. The total simulation time is Ts = 3000 ps and the heavy ion impacts at Ti = 100 ps. All simulations are conducted for normal incidence. Only the off-state device is sensitive to SET. The heavy ions strike the off-state devices at the center of the gate, and the linear energy transfer (LET) is 40MeV-cm 2 /mg. The supply voltage of the devices is various from 0.4 V to 1.2 V, and the temperature is various from 258 K to 398 K. The collected charge is given by the drain current integration over the transient duration.
The supply voltage dependence of the SET pulse width in 28-nm FDSOI device was investigated by varying the supply voltage from 0.4 V to 1.2 V. Additionally, the temperature is 300 K. For brevity, in this paper, that heavy ions strike the NMOS devices and PMOS devices are denoted as N-hit and P-hit, respectively. The inverter input is low at N-hit and the inverter input is high at P-hit. The simulation results are shown in Figure 4 . The SET pulse width increases as the The following physical models were used: (1) Fermi-Dirac statistics, (2) band-gap narrowing effect, (3) doping dependent SRH recombination and Auger recombination, (4) temperature, doping, electric field and carrier-carrier-scattering impact on mobility, and (5) incident heavy ions were modeled using a Gaussian radial profile with a characteristic 1/e radius of 50 nm and a Gaussian temporal profile with a characteristic decay time of 0.25 ps. Hydrodynamic model was used for carrier transport. Unless otherwise specified, default models and parameters provided by Sentaurus TCAD vN-2017.09-SP1 (Synopsys, Mountain View, CA, USA) were used.
The supply voltage dependence of the SET pulse width in 28-nm FDSOI device was investigated by varying the supply voltage from 0.4 V to 1.2 V. Additionally, the temperature is 300 K. For brevity, in this paper, that heavy ions strike the NMOS devices and PMOS devices are denoted as N-hit and P-hit, respectively. The inverter input is low at N-hit and the inverter input is high at P-hit. The simulation results are shown in Figure 4 . The SET pulse width increases as the supply voltage decreases. When the supply voltage is below 0.6 V, the SET pulse width increases sharply with the decrease of the supply voltage. N-hit produces a wider SET than P-hit at 0.4 V. Under different supply voltages, the effect of temperature on the SET pulse width is quite different. This work takes N-hit as an example because NMOS devices are more sensitive to SET than PMOS devices in FDSOI process [19] and the conclusions of N-hit and P-hit are similar. Figure 5 shows the SET pulse generated by N-hit at temperatures of 258 K, 300 K, and 398 K when the supply voltage is from 0.4 V to 1 V. When the supply voltage is 0.8 V and 1 V, the temperature dependence Under different supply voltages, the effect of temperature on the SET pulse width is quite different. This work takes N-hit as an example because NMOS devices are more sensitive to SET than PMOS devices in FDSOI process [19] and the conclusions of N-hit and P-hit are similar. Figure 5 shows the SET pulse generated by N-hit at temperatures of 258 K, 300 K, and 398 K when the supply voltage is from 0.4 V to 1 V. When the supply voltage is 0.8 V and 1 V, the temperature dependence of SET is very low, and the SET pulse width is slightly wider at a high temperature than at a low temperature. However, when the supply voltage is below 0.6 V, the situation is completely different. The SET pulse width exhibits an anti-temperature effect, that is, the SET pulse width is wider at a low temperature than at a high temperature. Besides, the anti-temperature effect is significantly enhanced as the supply voltage drops. When the supply voltage is 0.4 V, the SET pulse width at 398 K is 8.5 times that at 258 K. 
Discussion
When the heavy ions hit the sensitive region of the electronic device, their energy is deposited in the body region of the device. Additionally, the heavy ion ionizes a large amount of charge on its incident trajectory. The charge is collected by the device electrodes. Then, a significant current is created and the drain voltage is changed. As shown in Figure 6 , this phenomenon is SET. 
When the heavy ions hit the sensitive region of the electronic device, their energy is deposited in the body region of the device. Additionally, the heavy ion ionizes a large amount of charge on its incident trajectory. The charge is collected by the device electrodes. Then, a significant current is created and the drain voltage is changed. As shown in Figure 6 , this phenomenon is SET.
When the heavy ions hit the sensitive region of the electronic device, their energy is deposited in the body region of the device. Additionally, the heavy ion ionizes a large amount of charge on its incident trajectory. The charge is collected by the device electrodes. Then, a significant current is created and the drain voltage is changed. As shown in Figure 6 , this phenomenon is SET. The SET pulse width is directly related to the charge collection and the saturation current of the transistor. The SET pulse narrows as the saturation current increases, and becomes wider as the charge collection increases. Therefore, the effects of supply voltage and temperature on saturation current and charge collection should be compared separately.
As shown in Figure 7 , the saturation current decreases as the supply voltage decreases, and the saturation current decreases faster when the supply voltage becomes smaller. The saturation current at 0.5 V is 14.7 times that at 0.4 V, and the saturation current at 1 V is just 1.8 times that at 0.8 V. As shown in Figure 8 , the charge collection also decreases as the supply voltage decreases. The charge collection at 0.5 V is 2.9 times that at 0.4 V, and the charge collection at 1 V is 1.5 times that at 0.8 V. The effect of supply voltage on the saturation current is clearly dominant. Therefore, the SET pulse width increases as the supply voltage decreases. When the supply voltage is below 0.6 V, the SET pulse width increases sharply with the decrease of the supply voltage. The SET pulse width is directly related to the charge collection and the saturation current of the transistor. The SET pulse narrows as the saturation current increases, and becomes wider as the charge collection increases. Therefore, the effects of supply voltage and temperature on saturation current and charge collection should be compared separately.
As shown in Figure 7 , the saturation current decreases as the supply voltage decreases, and the saturation current decreases faster when the supply voltage becomes smaller. The saturation current at 0.5 V is 14.7 times that at 0.4 V, and the saturation current at 1 V is just 1.8 times that at 0.8 V. As shown in Figure 8 , the charge collection also decreases as the supply voltage decreases. The charge collection at 0.5 V is 2.9 times that at 0.4 V, and the charge collection at 1 V is 1.5 times that at 0.8 V. The effect of supply voltage on the saturation current is clearly dominant. Therefore, the SET pulse width increases as the supply voltage decreases. When the supply voltage is below 0.6 V, the SET pulse width increases sharply with the decrease of the supply voltage. Figure 9 shows the I-V curve of the NMOS device at temperatures of 258 K, 300 K, and 398 K when the supply voltage is from 0.4 V to 1 V. Obviously, the temperature has a slight influence on the I-V curve of the transistor when the supply voltage is 1 V. However, as the supply voltage decreases, the influence of the temperature on the saturation current is larger and larger. Additionally, as the temperature decreases, the saturation current decreases. When the supply voltage is 0.4 V, the saturation current at 398 K is 33 times that at 258 K. Figure 9 shows the I-V curve of the NMOS device at temperatures of 258 K, 300 K, and 398 K when the supply voltage is from 0.4 V to 1 V. Obviously, the temperature has a slight influence on the I-V curve of the transistor when the supply voltage is 1 V. However, as the supply voltage decreases, the influence of the temperature on the saturation current is larger and larger. Additionally, as the temperature decreases, the saturation current decreases. When the supply voltage is 0.4 V, the saturation current at 398 K is 33 times that at 258 K. 6 of 9 Figure 9 shows the I-V curve of the NMOS device at temperatures of 258 K, 300 K, and 398 K when the supply voltage is from 0.4 V to 1 V. Obviously, the temperature has a slight influence on the I-V curve of the transistor when the supply voltage is 1 V. However, as the supply voltage decreases, the influence of the temperature on the saturation current is larger and larger. Additionally, as the temperature decreases, the saturation current decreases. When the supply voltage is 0.4 V, the saturation current at 398 K is 33 times that at 258 K. Figure 10 shows the charge collection of the NMOS device at temperatures of 258 K, 300 K, and 398 K when the supply voltage is from 0.4 V to 1 V. As shown in Figure 10 , the temperature has a slight influence on the charge collection of the transistor when the supply voltage is 1 V. However, as the supply voltage decreases, the influence of the temperature on the charge collection is larger and larger. Additionally, as the temperature increases, the amount of charge collection increases. When the supply voltage is 0.4 V, the charge collection at 398 K is 5 times that at 258 K. Figure 10 shows the charge collection of the NMOS device at temperatures of 258 K, 300 K, and 398 K when the supply voltage is from 0.4 V to 1 V. As shown in Figure 10 , the temperature has a slight influence on the charge collection of the transistor when the supply voltage is 1 V. However, as the supply voltage decreases, the influence of the temperature on the charge collection is larger and larger. Additionally, as the temperature increases, the amount of charge collection increases. When the supply voltage is 0.4 V, the charge collection at 398 K is 5 times that at 258 K. Due to the mechanism of SET, there are two reasons for determining the SET pulse width. One is the charge collection and the other is the recovery current. The recovery current depends on the transistor saturation current. The SET pulse narrows as the saturation current increases, and becomes wider as the charge collection increases. As Vdd (the supply voltage) decreases, the influence of the temperature on the saturation current and the influence of the charge collection both are larger and larger. Additionally, as the temperature increases, the saturation current and the charge collection both increase.
However, the effects of the saturation current and the charge collection on the SET pulse width are reversed. Therefore, it depends on whether the two are offset each other or one of them plays a leading role. At Vdd = 1 V, the temperature has no effect on both, so it has no effect on the SET pulse width. At Vdd = 0.8 V, the temperature has a similar effect on both, so they offset each other and have little effect on the SET pulse width. At Vdd = 0.6 V, the effect of temperature on the saturation current is greater than the effect on the charge collection, so the SET pulse narrows as the temperature increases. At Vdd = 0.5 V and 0.4 V, the effect of temperature on the saturation current is completely dominant, so the SET pulse width shows a significant temperature dependence. When the supply Due to the mechanism of SET, there are two reasons for determining the SET pulse width. One is the charge collection and the other is the recovery current. The recovery current depends on the transistor saturation current. The SET pulse narrows as the saturation current increases, and becomes wider as the charge collection increases. As Vdd (the supply voltage) decreases, the influence of the temperature on the saturation current and the influence of the charge collection both are larger and larger. Additionally, as the temperature increases, the saturation current and the charge collection both increase.
However, the effects of the saturation current and the charge collection on the SET pulse width are reversed. Therefore, it depends on whether the two are offset each other or one of them plays a leading role. At Vdd = 1 V, the temperature has no effect on both, so it has no effect on the SET pulse width. At Vdd = 0.8 V, the temperature has a similar effect on both, so they offset each other and have little effect on the SET pulse width. At Vdd = 0.6 V, the effect of temperature on the saturation current is greater than the effect on the charge collection, so the SET pulse narrows as the temperature increases. At Vdd = 0.5 V and 0.4 V, the effect of temperature on the saturation current is completely dominant, so the SET pulse width shows a significant temperature dependence. When the supply voltage is 0.6 V or less the SET pulse width exhibits an anti-temperature effect, and the anti-temperature effect is significantly enhanced as the supply voltage drops. 
Conclusions
The SET pulse width increases as the supply voltage decreases. When the supply voltage is below 0.6 V, the SET pulse width increases sharply with the decrease of the supply voltage. The SET pulse width is not sensitive to temperature when the supply voltage is 1 V, because the temperature has a slight influence on the saturation current and the charge collection. However, when the supply voltage is 0.6 V or less, the SET pulse width exhibits an anti-temperature effect, and the anti-temperature effect is significantly enhanced as the supply voltage drops. The effect of temperature on the saturation current is clearly dominant. This work is the first to reveal the supply voltage and temperature dependence of SET pulse width in 28-nm FDSOI technology completely. 
